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SUMMARY 
Two supercr i  t i c a l  laminar- f low-contro l  a i r f o i l s  were designed f o r  a 
1 arge-chord swept-wing experiment i n  the  Langley 8-Foot Transonic Pressure 
Tunnel where suc t i on  was prov ided through most o f  the model surface f o r  
boundary-layer c o n t r o l .  The f i r s t  a i r f o i l  was der ived from an e x i s t i n g  f u l l -  
chord laminar  a i r f o i l  by extending the t r a i l i n g  edge and making changes i n  the 
two lower-surface concave regions. The second a i r f o i l  d i f f e r e d  from the f i r s t  
one i n  t h a t  i t  was designed f o r  t e s t i n g  w i thou t  suc t i on  i n  the forward concave 
reg ion  o f  the lower surface. 
one from which i t  was der ived as we l l  as between the f i r s t  and second a i r f o i l s  
Di f ferences between the f i r s t  a i r f o i l  and the 
are discussed. A i r f o i l  coord inates and p red ic ted  pressure d i s t r i b u t i o n s  f o r  
t he  design normal Mach number o f  0.755 and sec t i on  l i f t  c o e f f i c i e n t  o f  0.55 
are given f o r  t he  th ree  a i r f o i l s .  
INTRODUCTION 
A s u p e r c r i t i c a l  laminar- f low-contro l  (LFC) a i r f o i l  experiment has been 
conducted i n  the Langley 8-Foot Transonic Pressure Tunnel ( r e f .  1). 
large-chord a i r f o i l  t e s t  i nvo l ved  a contoured wind-tunnel l i n e r  ( r e f .  2 )  t o  
s imu la te  unbounded f l ow  about an i n f i n i t e - s p a n  wing w i t h  23" sweep. Refer- 
ences 3 and 4 descr ibe s u p e r c r i t i c a l  LFC a i r f o i l s  f o r  swept wings which 
r e q u i r e  suc t i on  through the surface t o  ma in ta in  a laminar boundary l a y e r .  
a i r f o i l  i n  reference 3, re fe r red  t o  as a i r f o i l  A i n  reference 5, was an e a r l y  
candidate f o r  t he  experiment. 
which i s  r e f e r r e d  t o  as a i r f o i l  B i n  reference 5; some advantages o f  a i r f o i l  B 
Th is  
The 
A l a t e r  candidate was a i r f o i l  989C ( r e f .  4; 
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over a i r f o i l  A are lower suction requirements for  full-chord laminar flow, a 
higher design Mach number, and a shorter pressure recovery to the t ra i l ing  
edge. Airfoils C and D were derived from a i r f o i l  B fo l lowing  the ideas of 
W .  Pfenn nger and P .  J . Bobbi tt of Langley Research Center. Airfoil B was 
modified a t  the t r a i l i n g  edge and i n  the lower-surface concave regions t o  
derive a rfoils C and D for the experiment. 
the same predicted off-design shock-formation characterist ics as a i r f o i l  B 
(see ref .  51, and l i f t  behavior w i t h  suction fai lure  similar to  that of 
a i r f o i l  A (see ref.  3 ) .  Suction distributions are given fo r  a i r fo i l  C i n  
references 1 and 6 .  Ai r fo i l  D differed from a i r f o i l  C only i n  the forward 20 
percent o f  the lower surface where the concave region was redesigned f o r  
tes t ing w i t h  no suction. The purpose of this paper is  t o  compare the 
geometries and predicted design pressure distributions for  a i  rfoi  1 s 6 ,  C ,  and 
D and to document the i r  coordinates. 
Airfoils C and D have essentially 
AIRFOIL ANALYSIS 
Airfoils B ,  C ,  and D are shown i n  figure 1 and their  design pressure 
distributions are compared i n  figures 2 and 3 .  Al l  pressure d i s t r i b u t i o n s  
were predicted for the two-dimensional Mach number of 0.755 and l i f t  coeffi- 
c ient  of 0.55 ( the design condition f o r  the experiment, ref. 1 ) .  The two- 
dimensional design Reynolds number was 16.9 million (20 million streamwise) 
based on chord. 
-0.64' and for a i r f o i l s  C and D ,  i t  was 0.51". T h i s  1.15" difference was due 
primarily t o  a 1.19" counter-clockwise rotation about the sharp t r a i l i n g  edge 
of a i r fo i l  B for alignment of the leading edge w i t h  the x ax is  before any 
a i r f o i l  modifications were made. The pressure d i s t r i b u t i o n s  were predicted by 
a version of the Garabedian transonic analysis code ( r e f .  71, which allows a 
turbulent boundary layer t o  be s tar ted a t  different locations on the upper and 
The angle of attack a t  the design condition f o r  a i r fo i l  B was 
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lower  surfaces. For  a i r f o i l  B, the pressure d i s t r i b u t i o n  was p r e d i c t e d  w i t h  
no boundary l a y e r  ( f i g .  21, assuming t h a t  the laminar boundary l a y e r  would be 
kep t  t h i n  over the e n t i r e  surface by use of suct ion.  S i m i l a r l y ,  the p r e d i c t e d  
pressure d i s t r i b u t i o n  f o r  a i r f o i l  C assumed a t u r b u l e n t  boundary l a y e r  on ly  
from x/c = 0.96 t o  the t r a i l  i n g  edge on the upper surface and only  from x/c = 
0.84 t o  the t r a i l i n g  edge on the lower surface where the model d i d  n o t  have 
suc t i on  through the surface. For  a i r f o i l  D, the t u r b u l e n t  boundary l a y e r  was 
again s t a r t e d  a t  x/c = 0.96 on the upper surface, bu t  it was s t a r t e d  a t  x/c = 
0.19 on the lower sur face where t r a n s i t i o n  was predic ted,  as w i l l  be discussed 
l a t e r .  
used t o  overcome the decarnbering e f f e c t  o f  the lower-surface boundary l a y e r  
f o r  a i r f o i l  D and ma in ta in  the design l i f t  c o e f f i c i e n t  ( f i g .  3) .  
The two concave reg ions on the lower surface of a i r f o i l  C had corners 
A 0.22” d e f l e c t i o n  o f  the 10.89-percent-chord t r a i l  ing-edge f l a p  was 
( a b r u p t  changes i n  f l o w  d i r e c t i o n )  which w i l l  be described l a t e r .  
corners produced spikes i n  the pressure d i s t r i b u t i o n  when the boundary 1 ayer 
was laminar.  
method i n  which g r i d  p o i n t s  could be very c l o s e l y  spaced i n  the regions o f  t he  
corners. 
t h e i r  shape cou ld  be c a l c u l a t e d  by an incompressible analys is .  
method o f  Eppler,  e t  a1 . ( r e f .  8)  was used f o r  t h i s  purpose w i t h  no boundary 
l a y e r  included. 
corners t o  g i v e  r e s o l u t i o n  no t  poss ib le  i n  the Garabedian code. 
the incompressible pressure c o e f f i c i e n t  data had t o  be adjusted t o  account f o r  
t h e  increase from the incompressible t o  the compressible pressure c o e f f i c i e n t  
a t  t he  s tagnat ion p o i n t .  
s h i f t e d  by t h i s  amount t o  blend w i t h  the Garabedian-code r e s u l t s  f o r  a i r f o i l  C. 
These 
Analys is  o f  these pressure spikes requ i red  a computational 
Since the spikes occurred i n  low-speed regions o f  the f l o w  f i e l d ,  
The panel 
Small panels were s l e c t e d  i n  the regions o f  the concave 
O f  course, 
The Eppler-code r e s u l t s  f o r  the concave regions were 
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AIRFOIL COORDINATES 
Nondimensional coord inates normal t o  the wing lead ing  edge are given f o r  
a i r f o i l s  B, C, and D i n  tab les  I, 11, and 111, respec t ive ly .  A i r f o i l s  C and D 
were der ived  through a se r ies  o f  mod i f i ca t i ons  t o  a i r f o i l  B ( a  f u l l - c h o r d -  
laminar  a i r f o i l  designed by Pfenninger e t  a l . ,  r e f .  4 ) .  The mod i f i ca t i ons  
i nvo l ved  extending the  t r a i l i n g  edge and r e f a i r i n g  the rea r  o f  the upper 
surface, rede f in ing  the concave reg ions on the lower surface, and smoothing 
the  coord inates.  
The t r a i l i n g  edge o f  a i r f o i l  B was extended by one percent o f  chord t o  
reduce the  h igh  upper-surface pressure grad ien t  ( f i g .  2 )  and lessen the  
chances o f  boundary-layer separat ion on the model and on the tunnel  wa l ls .  
The coord inates were then d i v i d e d  by the new chord l eng th  t o  resca le  them. 
The t r a i l i n g  edge was th ickened s l i g h t l y  t o  g ive the model a base th ickness o f  
0.02 inches. The rea r  o f  the upper sur face was f a i r e d  i n  such a way t h a t  t he  
s l i g h t  concavi ty  on a i r f o i l  B was e l im ina ted  f o r  a i r f o i l  C. 
There were two concave reg ions on the lower sur face o f  a i r f o i l  B, as 
shown i n  f i g u r e  1. For  a i  r f o i  1 C, each concave reg ion  was redef ined as a 
se r ies  o f  corners (ab rup t  changes i n  s lope) ,  each rounded by an exponent ia l  
f u n c t i o n  j o i n e d  t o  two s t r a i g h t  l i n e s .  Table I V  g ives  the x/c l o c a t i o n ,  
t u r n i n g  angle, chordwise ex ten t  o f  rounding, and whether o r  n o t  suc t i on  was 
requ i red  f o r  each corner.  
o f  Tay lo r -Gar t l e r  v o r t i c e s  by min imiz ing  the ex ten t  o f  each concave region, as 
discussed i n  re ference 4 .  There were two concave corners i n  the f r o n t  reg ion 
and two i n  the  r e a r  reg ion  where boundary-layer suc t i on  was prov ided i n  the  
model t o  prevent laminar  separat ion.  
by a s l i g h t l y  convex t u r n  ( s l i g h t l y  negat ive t u r n i n g  angle, see Table I V ) .  
There were f o u r  a d d i t i o n a l  concave corners i n  the r e a r  reg ion  where no suc t ion  
These corners were de f ined t o  minimize the  growth 
The two i n  the r e a r  were each fo l lowed 
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was provided. 
concave corners f o r  a i r f o i l  C ( f i g .  21, b u t  no t  f o r  the l a s t  f o u r  concave 
corners because, as mentioned e a r l  i e r ,  a t u r b u l e n t  boundary 1 ayer was assumed 
f o r  the c a l c u l a t i o n  i n  the reg ion behind x/c = 0.84. 
Spikes occurred i n  the pressure d i s t r i b u t i o n  f o r  the f i r s t  f o u r  
A i r f o i l  D ( f i g .  1) d i f f e r e d  from a i r f o i l  C i n  the lower forward concave 
r e g i o n  between the l ead ing  edge and x/c = 0.20 and was designed f o r  no suct ion 
i n  t h a t  region. The concavi ty  the re  was l e s s  pronounced than t h a t  f o r  a i r f o i l  
C and had no abrupt corners because corners w i thou t  suc t i on  could r e s u l t  i n  
laminar  separat ion.  
i n  f i g u r e  3 .  
steep pressure g rad ien t  between x/c = 0.15 and x/c = 0.20 on the lower sur face 
t o  minimize the c ross f l ow  d is turbance growth. 
depends on both the steepness and the chordwise ex ten t  o f  the pressure 
g r a d i e n t  and can be minimized by min imiz ing the distance over which the 
pressure changes. 
extended over a l a r g e r  d is tance from x/c = 0.12 t o  x/c = 0.22, which made 
t r a n s i t i o n  due t o  crossf low i n s t a b i l i t y  more l i k e l y .  Th i s  was caused by the 
concave reg ion  being f i l l e d  i n  t o  some ex ten t  t o  decrease the Tay lo r -Gor t l e r  
d is turbance growth by decreasing the curvature.  To check f o r  t r a n s i t i o n  due 
t o  c ross f l ow  i n s t a b i l i t y ,  laminar boundary l a y e r  and crossf low s t a b i l i t y  
analyses ( r e f .  6) were performed us ing the CEBECI and MARIA computer codes 
w i t h  no s u c t i o n  f o r  the lower surface o f  a i r f o i l  D. 
a t  x/c = 0.19 based on a maximum l o g a r i t h m i c  a m p l i f i c a t i o n  r a t i o  o f  
f o r  t he  design cond i t i on .  
Pressure d i s t r i b u t i o n s  f o r  a i r f o i l s  C and D are compared 
Note t h a t  the pressure d i s t r i b u t i o n  f o r  a i r f o i l  C had a very 
Crossflow vor tex amp1 i f i c a t i o n  
The steep pressure g rad ien t  i n  the same reg ion  o f  a i r f o i l  D 
T r a n s i t i o n  was p r e d i c t e d  
nmax = 9 
Coordinates were smoothed t o  s i x -p lace  accuracy f o r  a i r f o i l s  C and D t o  
avo id  e r r o r s  i n  curve f i t s  used i n  con junc t i on  w i t h  the n u m e r i c a l l y - c o n t r o l l e d  
m i l l i n g  machine. S ix-p lace accuracy was e s p e c i a l l y  impor tant  f o r  coord inate 
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p o i n t s  which were c l o s e l y  spaced t o  adequately define the concave corners and 
the  sharp l ead ing  edge. Since t.he d e t a i l s  o f  the shape were impor tant ,  
smoothing procedures, which would ad jus t  coord inates over a l a r g e  region, were 
n o t  used. The smoothing was accomplished by ad jus t i ng  small groups o f  coord i -  
nate p o i n t s  and r e q u i r i n g  g r e a t l y  magni f ied s lope p l o t s  t o  be reasonably 
smooth. P l o t s  o f  W/AX versus x/c were used over most o f  the a i r f o i l  w i t h  
p l o t s  o f  AX/U versus y / c  being used around the lead ing  edge. Simple two- 
p o i n t  slopes (centered between coord inate p o i n t s )  were used s ince they were 
more s e n s i t i v e  t o  coord ina te  ad j  iistments than three-poi  n t  slopes. 
CONCLUDING REMARKS 
Coordinates have been given f o r  the two a i r f o i l s  ( C  and 0) t es ted  i n  t h e  
NASA supercr i  t i c a l  laminar - f low-cont ro l  swept-wing experiment as w e l l  as f o r  
a i r f o i l  B from which a i r f o i l  C was der ived.  The changes made t o  a i r f o i l  B t o  
de r i ve  a i r f o i l  C have been discussed. The d i f f e r e n c e  between a i r f o i l s  C and D 
t o  a l l ow  t e s t i n g  w i t h  no suc t ion  i n  the lower  forward reg ion  has been 
described. P red ic ted  pressure d i s t r i b u t i o n s  a t  the  design c o n d i t i o n  o f  the 
experiment have been shown f o r  a l l  t h ree  a i r f o i l s .  
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1. 
A i  r f o i  1 
C 
---- B 
Figure  2 .  Comparison o f  p red ic ted  pressure d i s t r i b u t i o n s  o f  a i r f o i l s  
B and C a t  a Mach number o f  0.755, a l i f t  c o e f f i c i e n t  o f  0.55, and 
a Reynolds number o f  16.9 X 106. 
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F i g u r e  3 .  Comparison o f  p r e d i c t e d  p ressu re  d i s t r i b u t i o n s  o f  a i r f o i l s  
C and D a t  a Mach number o f  0.755, a l i f t  c o e f f i c i e n t  o f  0.55, and 
a Reynolds number o f  16.9 X 106. 
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